Analysis of 3D drag reduction devices thanks to large-edy

            simulation by SAGAUT, Pierre & PEET, Yulia
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Résumé :
Cet article présente une extension de la formule théorique proposée par Fukagata et al. (Phys. Fluids 14, L73, 2002),
qui exprime la traı̂née au sein d’une couche limite turbulente sur paroi plane comme une somme volumique de différentes
contribution. Cette formule permet une meilleure compréhension de la génération de la traı̂née. Le travail présenté ici
généralise la formule au cas d’une paroi quelconque, et inclut donc les effets de rugosité et de structuration.Elle est ensuite
utilisée dans le cas d’une paroi structurée par des riblets bidimensionnels et tridimensionnels. Il est montré que des riblets
tridimensionnels peuvent être plus efficaces que les riblets bidimensionnels, grâce à des champs aérodynamiques obtenus
par simulation des grandes échelles.
Abstract :
This article can be considered as an extension of the paper of Fukagata et al. (Phys. Fluids 14, L73, 2002) who derived an
analytical expression for the componential contributions into skin friction in a turbulent channel, pipe and plane boundary
layer flows. In this paper, we extend theoretical analysis of Fukagata limited to canonical cases with two-dimensional
mean flow to a fully three-dimensional situation allowing complex wall shapes. We start our analysis by considering
arbitrarily-shaped surfaces and then formulate a restriction on a surface shape for which the current analysis is valid.
Theoretical formula for skin friction coefficient is thus given for streamwise and spanwise homogeneous surfaces of any
shape, as well as some more complex configurations, including spanwise-periodic wavy patterns. Current theoretical
analysis is validated using the results of Large Eddy Simulations of a turbulent flow over straight and wavy riblets with
triangular and knife-blade cross-sections. De-composition of skin friction into different componential contributions allows
to analyze the influence of different dynamical efects on a drag modification by riblet-covered surfaces.
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Accurate estimation of skin friction coefficient is required for determining skin friction drag on a body moving
relative to a fluid. Negative impact of skin friction drag on performance and efficiency of practical engineering
devices is responsible for the past and present quest for drag reduction methods. As a result, a bulk of experi-
mental and computational data have been generated over the last several decades concerning skin friction and
the ways to reduce it, and a number of various drag reduction methods have been proposed. It is now unders-
tood that turbulent flows have higher skin friction drag than their laminar counterparts due to the interaction
of coherent near-wall turbulent structures, or quasi-streamwise vortices, with the surface. Quasi-streamwise
vortices pump a high-speed fluid towards the wall during the turbulent sweep events, thus increasing the local
shear rate and, ultimately, the drag. Reduction of this interaction would generally lead to a lower drag, and
various passive and active drag reduction methods are attempting to alter the near-wall turbulence in one way
or another in order to achieve this reduction. Wall blowing and suction, or opposition control of turbulence,
prevents the downwash of high-speed fluid toward the wall during sweep events ; riblets and microbubbles
displace the quasi-streamwise vortices away from the wall, so that the vortex-surface interaction is reduced ;
spanwise-wall oscillation breaks the coherence between the streamwise vortices and the low-speed streaks,
thus weakening the near-wall burst activity and reducing the drag. However, in spite of an extensive amount of
literature on skin friction drag reduction, most of the conclusions are drawn based on hypothetical arguments
relating the measured/calculated drag to the observed flow features.
A clear understanding of the contribution of different dynamical effects into the skin friction coefficient, based
on theoretical analysis, is lacking. Fukagata and colleagues derived an analytical expression relating local skin
friction coefficient to the properties of the flow above the surface for the canonical cases of plane turbulent
channel flow, pipe flow and flat plate boundary layer. They used their analysis to explain drag modification
by the opposition control and uniform wall blowing/suction. Their approach was subsequently extended to
analyze friction drag reduction by near-wall turbulence manipulation at high Reynolds numbers, and by super-
hydrophobic surfaces.
In the present paper, we extend theoretical analysis of Fukagata et al., limited to canonical cases with two-
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dimensional mean flow, to a fully three-dimensional situation of complex wall shapes. The generalized ap-
proach would allow to treat analytically configurations involving geometrical surface modification, as occurs
with the use of riblets or wall deforming actuators in active flow control. We present the details of the derivation
of the closed-form expression relating skin friction coefficient to the statistical information of the flow in a case
of complex three-dimensional wall shapes. We start our analysis by considering arbitrarily-shaped surfaces and
then formulate a restriction on a surface shape for which the current analysis is valid. After that, we use the
derived expression to analyze the modification of drag by straight and wavy riblets with two different types
of cross-section, triangular and knife-blade. Statistical flow information needed for the analytical expression is
obtained from Large Eddy Simulations (LES). Skin friction coefficient obtained from the analytical expression
is compared with the computed LES value. The derived expression allows to decompose skin friction coeffi-
cient into a sum of bulk, convective and turbulent components and thus provides better understanding of the
mechanism of drag modification by straight and wavy riblets.
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